We present a molecular dynamics study of the liquid and plastic crystalline phases of CCl 3 Br. We investigated the short-range orientational order using a recently developed classification method and we found that both phases behave in a very similar way. The only differences occur at very short molecular separations, which are shown to be very rare. The rotational dynamics was explored using time correlation functions of the molecular bonds. We found that the relaxation dynamics corresponds to an isotropic diffusive mode for the liquid phase, but departs from this behavior as the temperature is decreased and the system transitions into the plastic phase.
I. INTRODUCTION
The plastic crystalline phase is a thermodynamic state characterized by long range translational order and orientational disorder (OD).
1,2 Nearly spherical molecules, like halogenomethane compounds of the form CCl n Br 4−n , with n=0, . . . , 4, are typical examples of plastic crystals. The formation of the OD phase is related to the little hindrance to the reorientational processes. This series of compounds offer the possibility of a systematic investigation of the effect of molecular symmetry, size and intermolecular interactions on the phase sequence and reorientational dynamics.
Tetrahalomethanes with T d molecular symmetry have been the subject of many experimental and computational studies [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Compounds with lower symmetry (C 3v or C 2v ) have attracted so far some attention from the experimental groups 12, [18] [19] [20] , but very little work has been done from a computational point of view. 21, 22 The polymorphism of CCl 3 Br (C 3v molecular symmetry) has been studied by several methods such as calorimetry 18 and neutron scattering, 19 X-ray diffraction and densitometry 20 . The low-temperature phase III (monoclinic) transforms at 238 K to the OD phase II (rhombohedral). On further heating, it transforms at 259 K to a fcc OD phase I. The fcc OD phase can be supercooled down to 230 K 20 , and melts at 267 K.
In this paper we study CCl 3 Br in its fcc plastic and liquid phases. Using molecular dynamics simulations we investigate the orientational structure and molecular relaxation characteristics in both phases. Our findings indicate a similar short-range orientational order in the two phases, with small differences occurring at very short distances. The relaxation dynamics, which appears to correspond to a random diffusive mode for the liquid phase, departs from this behavior for the plastic crystalline phase. The paper is organized as follows: Section II contains a brief discussion on the classification of the relative orientation of the molecules. Section III describes the model and the simulation methodology. The results and discussion about orientational order and rotational dynamics are presented in section IV. Finally, Section VI contains our concluding remarks.
II. ORIENTATIONAL CLASSES AND SUBCLASSES
In a recent paper, Rey 23 proposed a geometrical criterion to classify the relative orientation of two tetrahedral molecules (XY 4 ) in six well defined classes. The classes are defined by considering two parallel planes, each one including one X atom from its corresponding molecule and both perpendicular to the line joining the two X atoms. Namely, for the case of CCl 4 , the two parallel planes contain a C atom, and they are normal to the line defined by these two atoms. The six different classes are denoted by (1,1); (1,2); (1,3); (2,2); (2,3) and (3, 3) , where the numbers refer to the number of atoms from each molecule located between the two parallel planes. Following the original definition, we will call corner, edge and face to those configurations involving molecules contributing with one, two or three atoms to the region between the planes, respectively. Then, a (2,3) configuration is also referred to as an edge-to-face configuration. The classification can be extended to molecules of the type XY 3 Z by defining subclasses. We characterize a subclass by the number (k) of Z atoms between the planes. Since there is only one Z atom per molecule, k takes the values 0, 1 or 2 depending on the relative orientation of the molecules. Note that two molecules may contribute Z atoms adding up to k. For the case k=1 there is only one possible configuration of the class (i,i), and two possible configurations of the class (i,j). Then each one of the original Rey's classes is subdivided in three or four subclasses 22 explicitly defined in Table I and denoted as (i m ,j n ), with m + n = k.
The probabilities for the six classes of molecules of the type XY 4 , calculated by Rey
23
invoking the geometrical properties of the molecules and numerical integration, are shown in Table II below. The probabilities of occurrence of the different subclasses can be analytically calculated assuming that the relative orientations of the molecules are independent, or uncorrelated. This is the case if the spacial distance r between the molecules is large;
or strictly speaking, in the asymptotic limit for r → ∞. The probability of each subclass is calculated by multiplying the probability of the corresponding class by the ratio between the number of configurations of the subclass to the total number of configurations of the class. The asymptotic values for the probabilities of the 21 subclasses are given in Table II .
Subclass: 
III. MODELS AND METHODS
The subject of our study corresponds to X=C, Y=Cl and Z=Br. We have modeled ( σ i + σ j ), where i, j represent the three kinds of atoms C, Cl and Br. All interaction parameters and bond distances are summarized in Table III .
Starting with a set of values taken from different sources, these parameters are the result Table I .
of a refinement process: The charges of the C and Cl atoms are the result of ab initio calculations for CCl 4 7,24 while the charge of the Br atom was chosen in order to reproduce the experimental value of the electric dipole moment of CCl 3 Br, µ = 0.21D 25, 26 . The
Lennard-Jones parameters for C, and an initial guess for Cl and Br were obtained from the literature 14, 24, 27, 28 . A fine tuning of the L-J parameters for Cl and Br was done in a series of simulations trials so that the model system reproduces the experimental density at 273 K and 300 K 20 . The initial configuration of the fcc plastic phase was prepared using a lattice constant a = 0.852 nm.
We performed molecular dynamic (MD) simulations for a system of N = 4000 molecules (20000 atoms) using the GROMACS v4.5.4 simulation package 29, 30 . The classical Newton's equations were integrated using the leap-frog algorithm with a time step of 0.001 ps. The equilibration runs were done under NP T conditions during 2 ns, and the pressure was controlled by a Parrinello-Rahman barostat with a time constant of 0.5 ps and a compressibility of 4.510 −7 bar −1 . With the value obtained for the density in these runs we performed 2 ns production runs under NV T conditions. Since the first non-zero electric interaction is a dipole-dipole force, we did not use long term correction for electrostatic interactions.
To validate this approach, we perform a few test runs including the time-expensive Ewald summation algorithm for electric charges in a smaller systems (500 molecules) with no appreciable difference in the results. 
IV. RESULTS AND DISCUSSION

A. Radial Distribution Functions
In Figure 1a we show the carbon-carbon radial distribution functions for liquid and plastic phase of CCl 3 Br. Since experimental results for CCl 3 Br are unavailable, we include the radial distribution function corresponding to liquid CCl 4 from reference 23 , which is in excellent agreement with the findings of neutron scattering experiments. The g(r) for the two molecular liquids show a similar behavior, with oscillations discernible up to r ≈ 2.5
nm. The solid phase shows the typical behavior of the fcc structure, and the long range correlations are reflected by the oscillating pattern that survives up to the largest distances.
The only distinction between the structure of the two liquids are the small quantitative In Figure 2 we show the cumulative radial distribution functions for the same systems of Figure 1 . The first and second coordination numbers are approximately 13 and 61 for the two cases. The insert of Figure 2 shows details for short distances, including CCl 3 Br in the fcc phase. As it was previously observed for CCl 4 8 , for short distances the radial distribution function for the liquid is larger that the one corresponding to the crystal. This is simply due to the greater thermal energy of the liquid that allows a closer approach between the molecules. This effect is very small, and in fact the two curves intersect before reaching their maxima. (2 2) ( 1 2) ( 3 3) ( 1 3) ( 1 1 
B. Short Range Order
We now turn our attention to the results obtained after sorting out all the configurations according to the orientational classification defined above. These results provide details of the structure of the liquid that is absent in the spherically symmetric radial distribution functions.
In Figure 3a we show the probabilities of each of the six main classes, as a function of the separation between the carbon atoms, corresponding to liquid CCl 3 Br. For comparison, we also include the findings of Rey for carbon tetrachloride 23 . Notice that these probabilities are normalized for each r. Even though the symmetry of the two compounds is different (C 3v and T d for trichlorobromomethane and carbon tetrachloride, respectively) they show the same qualitative behavior. The main difference between the two is that the curves for CCl 3 Br are shifted toward larger r values, reflecting the effect of the larger size of the Br with respect to Cl as mentioned above. Using simple geometrical arguments it easy to visualize that the face-to-face configuration can be observed for distances at which no other configuration is possible. This is reflected in the probability curves, where this case takes all the probability at closest approach. On the other hand, the corner-to-corner configuration is only possible for sufficiently large separation, coexisting with all the other configurations.
These two cases, plus the combined corner-to-face configuration, pay the highest entropic effect is also reflected by the probability P k of having confirmations with k substituted atoms between the planes, showed in Figure 6a . The overall distance dependent of P k is similar for the plastic and liquid phases but small differences are observed at very short distances. The liquid clearly allows a closer approach for the configurations with less (or none) Br atoms between the planes. In the ordered plastic phase, the atoms vibrate about their equilibrium position and the closes approach is independent of k. However as it can be seen in Figure   6b the probability to find a molecule with k = 0 is very small at short distances. 
C. Rotational relaxation. Single molecule dynamics
The rotational dynamics of molecular systems can be investigated using appropriate time correlations functions. For the case of CCl 3 Br we used correlations between selected bonds in each molecule. Let us define u CBr a unit vector oriented along the C−Br bond and r u CCl a unit vector oriented along one of the C−Cl bond. Then we define the correlation function
where P l is the l-order Legendre polynomial, i runs over all the molecules, and u In Figure 7 we show the correlation functions C In the isotropic rotational diffusion model it is assumed that the rotation of the molecule occurs trough random discrete jumps in all possible directions with equal probability. Then, after a waiting time longer that the correlation time, the molecules show no preferred orientation. It has been demonstrated that for this model τ 1 /τ 2 = 3
33 . As it can be seen in Figure 8 this ratio decreases from 2.9 at high temperature (liquid) to 2.5 for the lowest temperature system (plastic). This indicates that the rotational motion is nearly isotropic in the liquid phase and some departure from this behavior is suggested in the plastic phase.
In order to verify weather the rotational motion is truly isotropic or not, we examine the the rotational correlation time. However this is not the case in the low temperature plastic phase were it is observed that only some regions of the sphere are covered, indicating that in this case the motion is not truly isotropic.
V. CONCLUSIONS
We have studied by molecular dynamics techniques the short range order and the rotational relaxation dynamics of CCl 3 Br in the liquid and plastic phase.
The relative orientational order of the CCl 3 Br molecules was investigated using the classification defined by Rey 23 for tetrahedral molecules and extended by Pothoczki et al 22 for molecules with C 3v symmetry. The findings from our MD simulations are in good agreement with reverse Monte Carlo results in C 3v molecules reported in reference 22 , providing a validation for the our molecular models. As expected, since CCl 3 Br is a slightly distorted tetrahedron, our results for the main six classes are in qualitative agreement with those for CCl 4 that is a perfect tetrahedron. However, we have shown that even though the configuration face-to-face has a maximum at very short distances, the probability to find two molecules at those distances is very small. A similar phenomenon occurs with the probabilities P k to find k = 0, 1, 2 substituted atoms between planes. The difference between liquid and plastic phase is mainly observed at those short distances, less than 0.45 nm, for which The ratio τ 1 /τ 2 indicates than the rotational motion is isotropic and diffusive in the liquid phase but non isotropic in the plastic phase as it was shown to happen in another tetrahedral molecules such as neopentane 10 and CBr 4 34 .
